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Recent  national  focus  on early  childhood  science  education  highlights  the  need  for  research  on  early
science,  particularly  with  children  from  low-income  families,  as science  is the  lowest  performing  school
readiness  domain  in  that population.  Given  this  achievement  gap, the  Office  of  Head  Start  has  empha-
sized  the  development  of children’s  domain-general  skills,  such  as  approaches  to learning,  because  they
help children  succeed  in the  classroom  regardless  of academic  content  area. Recent  research  suggests
a unique  relationship  between  early  science  and  approaches  to learning,  in  that  approaches  to  learning
predicts  gains  in  science  readiness  more  so  than  math  or language  readiness.  This study  further  explored
this  relationship  by  examining  the  potential  bidirectionality  between  science  and  approaches  to learning.
Results  obtained  from  hierarchical  linear  modeling  suggest  a significant  bidirectional  relationship,  such
that residualized  change  approaches  to learning  across  the  school  year  predicted  gains  in  science  across
the  year,  and  residualized  change  in science  across  the year  predicted  gains  in approaches  to  learning
across  the year.  These  results  suggest  that  development  of children’s  approaches  to learning  relates  to
gains science  knowledge,  and that  gains  in  children’s  science  knowledge  relates  to the  positive  develop-

ment  of  approaches  to  learning  across  the  school  year.  This  study  provides  support  for  future  research
examining  the  potential  of  science  interventions  to serve  as  a context  for developing  approaches  to  learn-
ing skills  that  will  in  turn  help  children  engage  in quality  science  learning.  Such  research  would  leverage
the  bidirectional  relationships  between  these  two  constructs  and  could  be a step  in the national  attempt
to narrow  the  science  and  school  readiness  achievement  gaps.

©  2018  Elsevier  Inc.  All  rights  reserved.
. Introduction

There is a growing recognition of the need for more effective
cience education in the United States, starting in early childhood
Morgan, Farkas, Hillemeier, & Maczuga, 2016). Simultaneously,

 national achievement gap exists between children from low-
ncome backgrounds and their higher income peers (Magnuson,

aldfogel, & Washbrook, 2012). The gap begins in early child-
ood and increases throughout formal schooling (Ryan, Fauth,

 Brooks-Gunn, 2006). Disparities are evident across academic

omains but are even more pronounced in science readiness. The
ead Start framework (U.S. Department of Health and Human
ervices, 2015) identifies four academic readiness domains for
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preschoolers—language, literacy, math, and science—of the four,
science is the lowest performing among preschoolers from low-
income backgrounds served by Head Start (Greenfield et al., 2009).
This is unfortunate considering science is an interactive content
area that capitalizes on children’s natural curiosity about the world
and relates positively to other school readiness domains (e.g.
math, language, and executive functioning) and high-quality teach-
ing practices for children from low-income backgrounds (Cabell,
DeCoster, LoCasale-Crouch, Hamre, & Pianta, 2013; Fuccillo, 2011;
Nayfeld, Fuccillo, & Greenfield, 2013). The Head Start framework
defines science readiness as “the emerging ability to develop sci-
entific knowledge about the natural and physical worlds, learn
scientific skills and methods, and continue developing reasoning
and problem-solving skills” (U.S. Department of Health and Human
Services, 2015).
Given the achievement gap in this population, recent research
has focused on identifying domain-general skills that facilitate
children’s learning, regardless of content area (Li-Grinning, 2007;
McClelland et al., 2007). Approaches to learning are a set of domain-
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eneral skills that have garnered increasing attention and have
een recognized by the Office of Head Start as one of the foun-
ational school readiness domains (U.S. Department of Health and
uman Services, 2015). These skills involve persistence, motiva-

ion, and flexible thinking, and allow children to effectively engage
n learning. Due to their domain-general nature, approaches to
earning are difficult to teach in isolation, making it important to
dentify optimal learning contexts that provide opportunities to
evelop these skills.

Recent research suggests a unique link between science readi-
ess and approaches to learning, such that children who  have
igher approaches to learning (i.e. persistent, focused, open-
inded, and collaborative) make greater gains in science across

he preschool year, as compared to gains in math and language
Bustamante, White, & Greenfield, 2016). This is an important find-
ng suggesting that approaches to learning relate to children’s
evelopment of science school readiness. However, the inverse
elationship (i.e., if science readiness relates to the development
f approaches to learning) has not yet been determined.

This relationship is important to understand the unique connec-
ion between approaches to learning and science school readiness
nd to identify content domains that can potentially promote
evelopment in approaches to learning. This study extended exist-

ng research by examining the bidirectional relationship between
cience readiness and approaches to learning across the academic
ear in a sample of diverse children attending Head Start. A bidirec-
ional relationship would demonstrate that approaches to learning
nd science readiness share a unique connection and could be
ntentionally supported together to help children develop both
omain-general learning skills and content knowledge.

.1. Background

.1.1. Approaches to learning
Approaches to learning refer to a set of learning styles and

ehaviors that affect how children approach any learning situation
Kagan, Moore, & Bredekamp, 1995; Vitiello, Greenfield, Munis, &
eorge, 2011). Seven core sub-domains of approaches to learning
ave been identified; strategic planning, effectiveness motivation,

nterpersonal responsiveness in learning, vocal engagement in
earning, sustained focus in learning, acceptance of novelty and
isk, and group learning (McDermott et al., 2011). The develop-

ent of these skills is grounded in the idea that children’s learning
xperiences are greatly influenced by the motivational, attentional,
nd behavioral mechanisms they use to engage in learning tasks
McClelland & Morrison, 2003; McDermott et al., 2011).

Linking this conceptual background on approaches to learning
ith sociocultural and constructivist perspectives of child develop-
ent (e.g. Vygotsky, 1986), this set of cognitive and behavioral skills

an serve as “mental tools” that enable children to engage in learn-
ng and construct new knowledge (Bodrova & Leong, 2007; Paris &

inograd, 1990). Vygotsky’s theory of sociocultural development
lso highlights the social context as critical for children’s learn-
ng, which are inherent to some of the components of approaches
o learning discussed above (e.g. vocal engagement and group
earning). Thus, theoretical and conceptual background on child
evelopment and learning suggests that these skills play a key role

n early learning and one would expect direct relationships with
hildren’s academic success.

These relationships are indeed empirically supported through
oncurrent and predictive relationships between approaches to
earning and academic outcomes in early childhood and beyond

Fantuzzo, Perry, & McDermott, 2004; Li-Grining, Votruba-Drzal,

aldonado-Carreño, & Haas, 2010; McClelland, Morrison, &
olmes, 2000; McDermott, Rikoon, & Fantuzzo, 2014; McWayne,
antuzzo, & McDermott, 2004; Vitiello et al., 2011). For example,
search Quarterly 44 (2018) 34–42 35

children rated by teachers as having higher approaches to learn-
ing also show higher competency in math, language, and fine and
gross motor coordination (McWayne et al., 2004). Additionally,
research shows that children with higher approaches to learning
in preschool demonstrate higher proficiency in reading, vocabu-
lary, language, math, and science in second grade (McDermott et al.,
2014). Taken together, theory and evidence suggest that these skills
set the foundation for learning early in childhood.

Further, preschool is a particularly important time to exam-
ine the development of approaches to learning. Generally, the
preschool years are recognized as a critical period in development
due to the rapid cognitive changes that occur. During these years,
the mental processes that support approaches to learning form
and develop quickly, and set the foundation for future learning
(Welsh, Nix, Blair, Bierman, & Nelson, 2010). This critical period
in development often co-occurs with a child’s first experience in a
formal school setting, which brings with it a number of novel learn-
ing experiences and challenges that elicit children’s approaches to
learning. In order to effectively navigate these new contexts and
optimize learning, children must learn to embrace challenges, work
cooperatively with peers, and demonstrate sustained engagement,
focus, and attention during interactions with both teachers and
peers.

Unfortunately, children from low-income families lag behind
their middle to high-income peers in their approaches to learning,
indicating that they demonstrate fewer positive learning behaviors
than their higher income peers (Fantuzzo, Gadsen, & McDermott,
2011; McDermott et al., 2011). In addition to the challenges asso-
ciated with the first school experience discussed above, these
children are faced with a myriad of additional barriers to their
school and life success (i.e. food insecurity, lack of materials and
resources, less exposure to rich language in the home) (Heckman,
2006; Magnuson & Duncan, 2006). For these reasons, an even
greater focus on approaches to learning should be made for chil-
dren from low-income backgrounds during this critical period of
development.

As evidence for the importance of approaches to learning for
children served by Head Start, curricular interventions centered
on approaches to learning have demonstrated the malleability of
these skills and positive impact on math and language achieve-
ment (Fantuzzo et al., 2011). In order to promote the development
of approaches to learning in this population and simultaneously
address the national science achievement gap, more research is
needed to determine how approaches to learning and science readi-
ness are related and if these mutual relationships could provide a
framework to help facilitate positive learning behaviors and science
readiness for young children.

1.1.2. Early childhood science
Science is now recognized as a key component of Head Start’s

Early Learning Outcomes Framework (U.S. Department of Health
and Human Services, 2015), highlighting the need for more
research that examines science education in early childhood. Sci-
ence education, as defined by the National Research Council’s Next
Generation Science Standards (NGSS), encompasses science con-
tent knowledge (core facts and content of science; e.g. living things
need water), crosscutting concepts (core concepts that unify the
study of science; e.g. patterns, cause and effect relationships, struc-
ture and function relationships), and scientific practices (behaviors
that promote engagement in science activity; e.g. observing, con-
structing explanations, analyzing and interpreting data), providing

a framework for what students need to know to demonstrate suf-
ficient and effective science learning (National Research Council,
2012). This approach to science is designed to help children build on
and revise their knowledge through active engagement, and inte-
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rate this knowledge and these abilities in a continuous cycle of
cientific inquiry and engagement.

This newly defined framework of science education clearly
elates to foundational theories of child development, such as
ociocultural and constructivist learning (Paris & Winograd, 1990;
iaget, 1973; Vygotsky, 1986). For example, the behaviors children

mplement when engaging in science activities (i.e. scientific prac-
ices), can also be considered types of “mental tools” that help them
hink creatively and flexibly about the observations they are mak-
ng and the content they are learning. As young children engage
n hands-on science experiences (in contrast to more factual/rote
earning), they implement these mental tools to help make sense
f new phenomena, update existing schemas, and integrate new
nowledge (Driver & Erickson, 1983; Howe, 1996; Piaget, 1973).

In his views of how children’ develop science concepts in
hildhood, Vygotsky discussed how children’s science learning
uilds over time and becomes integrated to create a coherent
ystem of conceptual understanding (over the course of multi-
le experiences and with proper guidance from more experienced

earners/teachers), which also fosters the development of language
n context (Vygotsky, 1986). This Vygotskian approach is consis-
ent with the NGSS science framework that advocates for science
ducation in which children use a variety of scientific practices to
nderstand both specific science content and more general sci-
ntific crosscutting concepts (National Research Council, 2012).
hus, theory and conceptual background on science education
ould suggest that science engagement and learning may  facil-

tate general child development across cognitive, language, and
ocioemotional domains.

Indeed, the evidence suggests that science experiences support
earning across multiple school readiness domains, including lan-
uage development, mathematics, arts and executive functioning
kills (Conezio & French, 2002; Nayfeld et al., 2013). Additionally,
esearch shows that instructional support in the preschool class-
oom (i.e. advanced language modeling, high quality feedback, and
se of open-ended questions and concept development) is higher
uring science instruction, as compared to other domains (i.e. lan-
uage and math; Cabell et al., 2013; Fuccillo, 2011). These findings
uggest that science is a useful content area for promoting school
eadiness and high-quality teacher–child interactions. Not only do
arly science activities inherently capitalize on young children’s
atural curiosity about their world, empirical research also sug-
ests it is engaging, developmentally appropriate, and benefits the
evelopment multiple school readiness competencies for young
hildren (Conezio & French, 2002; Greenfield et al., 2009; Morgan
t al., 2016).

Science is ubiquitous in the preschool classroom as children
xplore and engage in their environment. For example, when chil-
ren are building structures in the block area they are exploring
arly engineering and physical science. They also learn about earth
cience when they notice the changes in the temperature as win-
er approaches and connect this new knowledge to their own  lives
y understanding how this influences the clothes they wear. Chil-
ren develop knowledge of life science when they plant seeds and
ocument their growth over time, or feed the class pet on a daily
asis. All of these examples provide context for preschool children
o explore and learn new science content.

To effectively learn this content, children must utilize sci-
nce practices, which are actionable behaviors that include asking
uestions, developing models, planning and carrying out investiga-
ions, constructing explanations, and designing solutions (National
esearch Council, 2012). By engaging in these practices, young

hildren construct content knowledge and understanding of cross-
utting concepts by going through an iterative scientific process of
ands-on minds-on learning (Greenfield, 2015, Chapter 16). During
his process, children begin to understand their world by devising
esearch Quarterly 44 (2018) 34–42

and testing hypotheses, which requires persistence, engagement,
and working cooperatively with peers in order to draw accu-
rate conclusions about how things work. These behaviors are core
components of approaches to learning and highlight a unique
relationship between science school readiness and approaches to
learning.

1.1.3. Connection between approaches to learning and science
readiness

Emerging research suggests that approaches to learning are par-
ticularly useful for children’s science learning across the preschool
year (Bustamante et al., 2016), and predict science performance at
the end of second grade (McDermott et al., 2014). There is also evi-
dence to suggest that certain aspects of children’s approaches to
learning in kindergarten (in this particular study, motivation) pre-
dicted later science achievement (Saç kes, Trundle, Bell, & O’Connell,
2011). Additional research with older children also supports the
link between approaches to learning and later science outcomes.
For example, Lavigne, Vallerand, and Miquelon (2007) developed
an intervention for high school students centered around motiva-
tion and persistence (two aspects of approaches to learning) and
found that it was effective in increasing students interest and suc-
cess in science classes. Further, Singh, Granville, and Dika (2002)
demonstrated that motivation and attitudes towards learning sci-
ence were strong predictors of science grades in middle school. This
is a logical connection given the behaviors that make up approaches
to learning and the practices that help children engage in effective
science learning.

Consider an example in which a child is playing outside and
trying to dig a big hole in the dirt. First, the child sits down and
starts digging with her hands, but the soil is too hard and she does
not make any progress. She finds a twig nearby and starts to use it
to dig into the ground, but it soon snaps. Frustrated, she stands up
looking around for other possible solutions, when her classmate
approaches and asks what she’s doing. After explaining that she
wants to dig a hole her classmate proposes they ask their teacher if
they can go into the classroom and look for tools. The teacher takes
them inside and they grab a plastic spoon and a metal pot from the
dramatic play area. When they get back outside and utilize their
new tools, they discover that while the plastic spoon digs into the
ground, the metal pot can also be used and in fact holds much more
dirt in a single scoop. The children conclude that the metal pot is
the best tool to use and proceed to take turns using it to dig a hole.

During this experience the two children learned science content,
including concepts such as structure and function (the way  a tool is
built will affect how it is used), and the utility of different materi-
als (fingers, wood, plastic, and metal) when trying to accomplish a
specific goal. This example also highlights learning beyond science
content, as the children drew upon and fortified their approaches
to learning skills. The girl showed motivation, flexibility, and prob-
lem solving by brainstorming and testing multiple solutions to
her problem. Throughout this process, she demonstrated persis-
tence, building her tolerance for frustration and sustained focus in
learning. Her willingness to engage with a friend to pursue a com-
mon  goal allowed her to practice interpersonal responsiveness and
group learning. Both children showed vocal engagement in learning
when they asked the teacher to go inside to look for materials and
they practiced their strategic planning when they decided which
materials to take.

The example above illustrates how approaches to learning skills
help children navigate a science experience, and how science as a
context allows children to develop their approaches to learning,

suggesting a possible bidirectional relationship between these two
domains of school readiness. This bidirectional relationship is in
line with recent integrative theories of children’s school readiness
that encourage researchers to examine interrelations between var-
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ous domains of school readiness (Snow, 2007). Such integrative
odels suggest that while children’s competencies across specific

omains are distinct, they develop dynamically and influence each
ther over time.

When thinking more specifically about approaches to learning
nd science as school readiness domains, it is critical to pull on the-
retical perspectives of how children learn in context – by doing
i.e. engaging with materials and other individuals) – to deepen
onceptual knowledge and understanding, which is precisely the
ocus of high-quality early science education. Vygotsky asserts that
evelopment impacts learning (e.g. approaches to learning devel-
pment impacting science learning), but also that learning can

mpact development (e.g. science learning influencing approaches
o learning development; Bodrova & Leong, 2007). Thus, Vygotsky’s
heory of learning and development, combined with more recent
ntegrative theories of children’s school readiness, provide a solid
oundation for examining the bidirectional relationship between
cience learning and children’s approaches to learning.

To the extent that the relationship between gains in science
eadiness and approaches to learning is bidirectional, findings can
ffer support for more intentional experiences that simultaneously
arget these domains in the early childhood classroom. Ultimately,
hese experiences could provide children served by Head Start with
ich learning opportunities that will promote a positive attitude
owards learning, foster inquiry and curiosity about the world, and
ncourage higher order scientific thinking.

.2. Current study

Despite theoretical support, no studies to date have examined
hether the relationship between gains in science readiness and

pproaches to learning is bidirectional. The aim of this study is
o test the bidirectionality of that relationship. Empirical evidence
f bidirectionality would further support the unique relation-
hip between young children’s approaches to learning and science
eadiness, and provide justification for future research exploring
he use of science as an ideal context for fostering approaches to
earning, which is a critical domain-general skill that is difficult to
each devoid of academic content.

We  hypothesized that residualized change in approaches to
earning across the school year (the difference between actual
hange and the change predicted by our model) would significantly
redict science readiness in the spring, controlling for age, gen-
er, residualized change in vocabulary, and science readiness in
he fall. Similarly, we hypothesized that residualized change in sci-
nce readiness across the school year would significantly predict
pproaches to learning in the spring controlling for age, gender,
esidualized change in vocabulary, and approaches to learning in
he fall. Hierarchical linear modeling (HLM) was  utilized to control
or the nested nature of the data.

. Method

.1. Participants

This study was conducted in various Head Start centers in low-
ncome neighborhoods in a large urban county in the Southeast
nited States. The final sample consisted of 316 children, across 35
lassrooms, in 9 Head Start Centers. Participants were stratified by
ge and gender prior to sampling, with 8–10 children sampled per
lassroom, to allow for the control of classroom-level effects and to

nsure a representative sample across child characteristics. Mean
ge of children was 51.38 months (range = 37.9–62.7) and 52.5% of
hildren were female (n = 166). Although ethnic demographic data
as not able to be obtained in the current sample, the children were
search Quarterly 44 (2018) 34–42 37

chosen at random, thus, it was  expected that children were repre-
sentative of the local population. Based on data previously collected
in the same Head Start centers in this large urban county, it was
estimated that the majority of participants were African-American
(∼60%), a substantial minority were Hispanic (∼38%), and a small
minority were Caucasian, Asian, or other ethnicity (2%). All children
met  the federal income requirement for enrollment in Head Start,
indicating a sample of children from low-income families.

2.2. Measures

2.2.1. Science school readiness
The Lens on Science assessment (Lens; Greenfield, 2015) is a

computer-adaptive, IRT-based direct assessment of science school
readiness. Items measure science practice skills, cross-cutting con-
cepts, and science content knowledge (i.e. life science, earth and
space science, physical science, and engineering and technology),
as defined by the National Research Council’s conceptual frame-
work for science education (National Research Council, 2012). All
items are multiple-choice and require the child to select either
one response or multiple correct responses, depending on the item
type. Science practice skills require children to engage their knowl-
edge of science practices. For example, in one science practice item,
the child is shown a picture of a heavy box filled with toys and
hears, “This heavy box of toys is hard to move.” The child is then
shown three possible answer choices: a basket, a wooden chest,
and a red wagon, and asked “Touch what I can use to make it eas-
ier to move the box of toys across the room.” Here, children must
observe (a science practice) the features of the presented options
and construct an explanation/solution (another science practice)
to the problem described to identify the correct response. Cross-
cutting items require children to have an understanding of core
concepts, such as cause and effect relationships. For example, in
one item, the child is shown a premise picture of an ice cube with
a strawberry frozen inside and is told “this strawberry is frozen
inside the ice cube.” The child is then shown three possible answer
choices: an ice cube with no strawberry, a strawberry still in an
ice cube, and a strawberry in a puddle of water. The child is then
asked, “Touch what will happen if I heat this ice cube?” eliciting the
crosscutting concept of cause and effect, in the domain of physical
science. Other items focus on science content knowledge, across the
four domains of science content. For example, a life science item
presents the child with six pictures of various objects (e.g. plant,
hat, frog, shoe, skateboard, child). The child is then asked, “Some
of these things need air to stay alive, and some do not. Touch the
things that need air to stay alive.” Such items require the child to
touch all correct answer choices and then a gold star to indicate
they are done selecting to obtain credit for that item.

This assessment was  specifically designed to detect growth in
the Head Start population. Each item was sent out to a panel of
early childhood science experts and independently judged on its
developmental appropriateness at alignment with the Next Gener-
ation Science Standards. Items were then piloted in the field with
children served by Head Start to ensure they were demonstrating
adequate discrimination for that population. Lens currently con-
tains an item bank of 499 items calibrated using the dichotomous
Rasch model, scaled to have a mean item difficulty of zero and unit-
logit metric. Item difficulties (b-parameters) ranged from −2.7 to
4.4, with 80% of items having difficulty values between −1.40 and
1.42. The item-measure correlation (correlation between the item
and the ability estimate) exceed .20 for 87% of items, and exceed .30
for 65% of items, reflecting effective discrimination of the items in

the bank and a common trait measured by the items in the assess-
ment. For a sample of 1753 students, the average standard error of
the Rasch ability estimate was  .31 (on the unit-logit metric), which
corresponds to a reliability of .87 (Greenfield, 2015).
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During the assessment, children sit in front of a touch-screen
ablet and are given headphones to listen to prompts instructing
hem to respond. Children first pass a readiness screening demon-
trating their ability to follow instructions and respond to the three
tem formats. An IRT ability score is obtained in approximately
5 min  with the administration of approximately 35–40 items.
ultiple children can be assessed simultaneously (each child is

iven a computer tablet and set of headphones to complete the
ssessment), as trained researchers monitor the test administration
rocessing in a quiet location in the Head Start center.

.2.2. Approaches to learning
The Learning-to-Learn Scale (LTLS) is a teacher-report measure

f children’s learning behaviors (McDermott et al., 2011). It is a
5-item rating scale on which the teacher indicates whether a
iven behavior “does not apply,” “sometimes applies,” or “con-
istently applies” to each child. Items range from “Takes turns
hen working in a small-group, without needing to be reminded,”

o “Changes strategies when one solution to a problem doesn’t
ork.” The data were scored using a two-parameter logistic (2PL)

tem response theory (IRT) model. They produced standardized
-scale theta estimates (M = 50, SD = 10). This model utilized a bi-
actor structure which allows for both a general factor of overall
pproaches to learning and an alternate model with several spe-
ific factors. The factor analysis revealed a unidimensional factor
f general learning behavior, as well as, seven unique dimensions;
trategic planning, effectiveness motivation, interpersonal respon-
iveness in learning, vocal engagement in learning, sustained focus
n learning, acceptance of novelty and risk, and group learning. For
his study we chose to use the general factor of approaches to learn-
ng because our aim was to examine the bidirectionality between
verall approaches to learning and science readiness, instead of
ny particular sub-factor of approaches to learning. The measure
emonstrates external validity and concurrent validity when com-
ared with the cognitive subscale scores of the Learning Express,
ther norm-referenced tests, and teachers’ assessments of language
nd numeracy, in addition to high reliability (  ̨ = .97) (McDermott
t al., 2011).

.2.3. Vocabulary
The Quick Interactive Language Screener (QUILS; Golinkoff,

irsh-Pasek, & De Villiers, 2011) is a 48-item direct assessment
esigned to measure language development in vocabulary and
rammar for 3–6 year old children. For this study, we used residual-
zed change in the vocabulary subtest as a covariate in all analyses.
he QUILS utilizes a touch-screen laptop on which children indicate
heir answer choices by touching a picture. Interactive, cartoon-like
nimations are used to keep children engaged in the assessment
hich measures children’s language products (i.e. word knowledge

nd grammar) and ability to use language process (i.e. strategies

or learning new language). Items were developed by experts in
hild language development under a 4-year grant from the Institute
f Education Science (IES; Grant # R305A110284 “Using Devel-
pmental Science to Create a Computerized Preschool Language

able 1
escriptive analyses for all variables.

N Mean 

Fall science 316 −.10 

Spring science 302 .48 

Fall  approaches to learning 316 57.72 

Spring approaches to learning 299 58.81 

Age  304 51.38 

Gender 316 .53 

Fall  vocabulary 303 90.41 

Spring vocabulary 291 92.54 
esearch Quarterly 44 (2018) 34–42

Assessment;” Roberta Golinkoff, P.I.) and this measure has been
administered to children served by Head Start.

The QUILS takes approximately 25 min  to complete and does
not require specially trained personnel as children only need adult
supervision to complete the assessment (Golinkoff et al., 2011).
The QUILS has displayed strong test–retest reliability, r(29) = .923,
p < .001, as well as, convergent validity by significantly correlating
with the Picture Peabody Vocabulary Test (PPVT-4; Dunn & Dunn,
2007), r(22) = .714, p < .001, and the Preschool Language Scale (PLS-
5; Zimmerman, Steiner, & Pond, 2011), r(23) = .782, p < .001, after
controlling for age (Pace et al., 2014).

2.3. Procedure

Consent was  obtained from center directors, teachers, and par-
ents. During the 2014–2015 school year direct assessments of early
science school readiness and vocabulary were collected, along with
a teacher rating scale of approaches to learning in the fall and spring.
Child-level information (i.e. name, classroom, gender, and birth-
date) were obtained for all children through center records. Trained
research assistants administered direct assessments to children in
a quiet space outside of the classroom and children received stick-
ers for their participation. Teachers who completed the approaches
to learning scale were compensated with 25 dollar gift certificates
at both time points. These teacher-rating scales were verified in
the field by a team leader, and then double verified by a graduate
student prior to being entered into the database. Ten percent of the
data were double entered and re-verified.

3. Results

Descriptive statistics are presented in Table 1, notably on aver-
age children gained approximately half of a standard deviation in
science readiness and made small average gains in approaches to
learning from fall to spring. Correlations among study variables
are presented in Table 2, correlations within outcome variables
(e.g. fall science and spring science, or fall approaches to learn-
ing and spring approaches to learning) are in the moderate rage
(.53 and .57 respectively), while correlations between outcomes
variables (e.g. fall science and spring approaches to learning, or fall
approaches to learning and spring science) are in the low range
(.23 and .19 respectively). Overall, while the percentage of missing
data for fall approaches to learning (11%) and fall science readi-
ness (12%) was  relatively small, to maximize power in the sample
we used a regression-based single imputation in SPSS (Allison,
2001). All available variables, including the outcome, were used
to predict missing values on fall approaches to learning, fall sci-
ence readiness. No outcome data were imputed. Ultimately, means
and standard deviations of imputed variables were equivalent to

the original data. The remainder of analyses were conducted in a
HLM framework using the statistical software HLM 7 (Raudenbush,
Bryk, Cheong, Congdon, & Du Toit, 2011), in order to account for the
nesting of children within classrooms.

Standard deviation Minimum Maximum

.85 −2.69 2.16

.96 −2.58 3.00
9.48 35.73 75.05
8.62 38.37 75.05
6.95 37.90 62.70
.50 0 1
11.43 62.00 125.00
11.19 62.00 125.00
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Table  2
Correlations between all study variables.

1. Fall science 2. Spring science 3. Fall approaches
to learning

4. Spring approaches
to learning

5. Age 6. Gender 7. Fall vocabulary 8. Spring vocabulary

1. 1 .53* .22* .23* .53* .11 .34* .36*

2. 1 .19* .25* .42* .16* .37* .37*

3. 1 .57* .20* .14* .15* .05
4.  1 .39* .17* .14* .16*

5. 1 .07 .04 .02
6.  1 .06 .06
7.  1 .44*

8. 1

* p < .05.

Table 3
Hierarchical linear model using residualized change in science across the year to predict spring approaches to learning controlling for age, gender, change in vocabulary and
fall  approaches to learning.

Fixed effect Coefficient Std. error t-Ratio Approx. d.f. p-Value

Intercept 58.952 1.094 53.898 32 <.001
Gender .869 .516 1.685 181 .095
Fall  approaches to learning .319 .065 4.954 32 <.001
Age  .359 .056 6.451 181 <.001
Residualized change in science .921 .304 3.028 32 .005
Residualized change in vocabulary .045 .027 1.640 32 .111

Table 4
Hierarchical linear model using residualized change in approaches to learning across the year to predict spring science controlling for age, gender, change in vocabulary, and
fall  science.

Fixed effect Coefficient Std. error t-Ratio Approx. d.f. p-Value

Intercept .500 .061 8.198 32 <.001
Gender .156 .099 1.568 181 .120
Fall  science .388 .094 4.138 32 <.001
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Age  .034 

Residualized change in approaches to learning .029 

Residualized change in vocabulary .018 

The first model examined the ability of residualized change in
cience readiness from fall to spring to predict approaches to learn-
ng in the spring controlling for age, gender, change in vocabulary,
nd approaches to learning in the fall. Residualized change cap-
ures the extent to which children gained more or less in science
eadiness than would be predicted by our model, based on their
emographic and other readiness data. The unconditional model

ndicated that 40% of the variance in approaches to learning was
t the child level (level-1). Additionally, a model containing only
ovariates demonstrated that age, gender, change in vocabulary,
nd fall approaches to learning were all significant predictors of
pproaches to learning in the spring, thus, they were retained in
he final model shown below:

ATL Springij = �00 + �10∗Genderij + �20∗ATL Fallij + �30∗Ageij

+ �40∗Science Changeij + �50∗Vocabiju0j + u2j∗ATL Fallij

+ u4j∗Science Changeij + u5j∗Vocabij + rij

As hypothesized, residualized change in science readiness
cross the year significantly predicted spring approaches to learn-
ng controlling for age, gender, change in vocabulary, and fall
pproaches to learning [  ̌ = .921 (.304), p = .005]. Complete results
or this model are presented in Table 3.

The next model examined the ability of residualized change
n approaches to learning across the year to predict early science
chool readiness in the spring, controlling for age, gender, change

n vocabulary, and fall science readiness. The unconditional model
ndicated that 95% of the variance in early science readiness was
t the child level (level-1). Additionally, a model containing only
ovariates demonstrated that age, gender, change in vocabulary,
.009 3.596 181 <.001

.012 2.221 32 .034

.006 2.972 32 .006

and fall science readiness scores were all significant predictors of
early science readiness in the spring, thus, they were retained in
the final model shown below:

Science Springij = �00 + �10∗Genderij + �20∗Science Fallij

+ �30∗Ageij + �40∗ATL Changeij + �50∗Vocabij + u0j

+ u2j∗Science Fallij + u4j∗ATL Changeij + u5j∗Vocabij + rij

Residualized change in approaches to learning across the year
significantly predicted spring science readiness controlling for age,
gender, change in vocabulary, and fall science readiness [  ̌ = .029
(.013), p = .034], confirming our initial hypothesis. Complete results
for this model are presented in Table 4.

4. Discussion

This study examined the bidirectional relationship between
approaches to learning and science school readiness in a sample
of children attending Head Start. Consistent with our hypotheses,
findings indicated significant bidirectional associations between
these two domains, such that gains in approaches to learning pre-
dicted gains in science readiness across the school year and gains
in science readiness predicted gains in approaches to learning
across the school year both controlling for age, gender, and gains
in vocabulary. It is important to note that a bidirectional effect is

not necessarily a causal effect, but rather there is a predictive rela-
tionship between approaches to learning and science readiness in
both directions. Specifically, children who improve more on their
approaches to learning over the year learn more science, and those
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hildren who improve more on their science readiness, demon-
trate greater development of their approaches to learning, beyond
ains due to a child’s natural cognitive maturation, gender, and
ocabulary.

Results indicating that gains in approaches to learning pre-
icted gains in science readiness are consistent with results from

 previous study demonstrating that approaches to learning pre-
icted gains in science school readiness more strongly than gains

n math or language readiness for preschool children in Head Start
Bustamante et al., 2016). This evidence is indicative of a unique
elationship between approaches to learning and science readi-
ess, and highlights approaches to learning as a critical set of
ognitive and behavioral skills that can serve as mental tools to
elp children understand science content and engage in science

earning (Bodrova & Leong, 2007; Vygotsky, 1986). Results are also
onsistent with research conducted in older children, suggesting
hat motivation and persistence (key indicators of approaches to
earning) are important predictors of success in science educa-
ion (Lavigne et al., 2007; Singh et al., 2002). Additionally, results
rovide empirical support for theory that the iterative – trial and
rror – nature of science learning provides consistent opportunities
o practice approaches to learning skills (i.e. persistence, strategic
lanning, group learning, and sustained focus) (Greenfield, 2015).

Indeed, our results go beyond what previous research has shown
y being the first study to demonstrate that gains in science readi-
ess predicted gains in approaches to learning across the year. In
ther words, children who demonstrated greater gains in science
nowledge and reasoning skills across the year showed greater

mprovements in their approaches to learning skills over the school
ear. There is far less research exploring how readiness in a particu-
ar domain may  facilitate the development of children’s approaches
o learning skills. Few studies have examined how prior strengths
n certain cognitive or social skills may  promote approaches to
earning. One study, for example, examined how profile member-
hip in kindergarten (based on various aspects of school readiness,
ncluding health, socioemotional, language, and cognitive out-
omes) predicted approaches to learning at the end of first grade.
hey found that children in both health risk and socio/emotional
isk profiles demonstrated lower approaches to learning in first
rade compared to the health and socioemotional strength profiles
Hair, Halle, Terry-Heuman, Lavelle, & Calkins, 2006). Although the
uthors did not specifically examine how school readiness from a
pecific domain influences approaches to learning, they do suggest
hat it is important to identify early knowledge and skills that can
romote the development of these critical learning skills prior to
indergarten entry. Specific to science school readiness, our study
uggests that the competencies involved in observing, predicting,
nd consolidating science knowledge may  be important as chil-
ren learn to engage in new content, cooperate in a group setting,
evelop persistence, and become active learners. Thus, we  provide
reliminary support that school readiness in the domain of science
ay  facilitate the development of approaches to learning.

The bidirectional nature of our findings support theoretical
odels of child development and school readiness, such as Snow’s

ntegrative model of school readiness, which stresses that multi-
le aspects of child development dynamically influence each other
nd interact over time (2007). They also support Vygotsky’s theory
hat development and learning interact over time, particularly in
he development of children’s conceptual knowledge and under-
tanding (i.e. scientific reasoning and content knowledge; Bodrova

 Leong, 2007; Vygotsky, 1986). Specific to approaches to learning
nd science readiness, our findings suggest that these two  impor-

ant constructs, develop together over time, highlighting a unique
nd intricate relationship between children’s scientific skill devel-
pment and their behavioral approaches to learning new content.
esearch Quarterly 44 (2018) 34–42

These results have important implications for early childhood
education. An intentional focus on approaches to learning may
allow children to more effectively engage in, and learn from, early
science experiences. Activities like puzzles can offer children a
chance to exercise their persistence, sustained focus, and toler-
ance for frustration, all approaches to learning skills that can serve
children during science learning experiences. Further, collabora-
tive group games where children have to communicate effectively,
make strategic plans, and work cooperatively with peers towards
a common goal, can foster approaches to learning skills, which
children can directly apply to science activities. Indeed, entire
early childhood curricula have been developed with approaches
to learning as a major focus. Fantuzzo et al. (2011) developed
the EPIC curriculum, which included lessons specifically targeting
approaches to learning skills and successfully boosted approaches
to learning in preschoolers served by Head Start.

However, approaches to learning can be difficult to teach devoid
of academic content, and with limited hours in the school day,
teachers often feel pressure to focus on academic skills first. To the
extent that domain general skills like approaches to learning can
be integrated into academic learning experiences, they might be
more represented in the preschool classroom. Effectiveness moti-
vation, strategic planning, and group learning, three components
of approaches to learning, can be developed and targeted within
the context of academic lessons, and results from this study sug-
gest that science may  be an ideal domain in which to help children
develop these skills. Children have to use strategic planning to
develop and test hypotheses, they have to remain motivated and
revise their hypotheses when they do not unfold as they predicted,
and these experiences are typically conducted in a group setting.
Similarly, as children develop their approaches to learning, they can
apply prior knowledge and scientific reasoning skills in the context
of hands-on science experiences in order to optimize learning.

Not only could science experiences in the early childhood class-
room help children develop approaches to learning, there is also
evidence to suggest that it supports children’s math and lan-
guage learning, as well (Greenfield, 2015; Morgan et al., 2016).
However, due to time constraints, early childhood educators have
limited opportunity to intentionally focus on all school readiness
domains (e.g. math, language, science, approaches to learning,
social and emotional development). This reality makes it partic-
ularly important for teachers to design and implement fun and
engaging experiences that will address multiple school readiness
domains at once. Such an approach is also supported by the idea
that children learn best when engaged in integrated, hands-on,
minds-on experiences that encourage higher order thinking and are
relevant to their daily lives, all of which occur during high quality
early science education.

Therefore, combined with previous research suggesting a link
between science readiness and approaches to learning, and other
school readiness domains, (Bustamante et al., 2016; Nayfeld et al.,
2013) and recent calls for an increased focus on science educa-
tion in preschool and beyond (Brenneman, 2011; Greenfield, 2015;
Morgan et al., 2016), this study offers support for science as an ideal
domain for early childhood teachers to focus on to help children
develop their approaches to learning and other school readiness
skills in a hands-on, engaging context.

4.1. Limitations and future directions

This study suggests a unique bidirectional relationship between
approaches to learning and science school readiness in the

preschool years. These findings, along with previous research, sug-
gest that science may  be an ideal base for early childhood curricula
and interventions due to its potential to improve not only chil-
dren’s approaches to learning and science readiness, but also their
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ath, language, executive functioning, and social and emotional
kills (Cabell et al., 2013; Greenfield, 2015; Morgan et al., 2016;
ayfeld et al., 2013). However, this study has several limitations

hat should be addressed.
First, the sample was not nationally representative as African

merican and Latino children from low-income families in an urban
nvironment made up the vast majority of participants. While this
rovides us with important insight into an at risk population it does
ot allow for broader generalizations. Future research should repli-
ate these results in other populations from varying racial, ethnic,
nd socioeconomic backgrounds.

Second, although we were able to control for age, gender, and
ains in children’s vocabulary over the school year, there is the
otential for omitted variable bias. Covariates that have established
elationships to the outcome variables in this study, such as exec-
tive functioning or child temperament, could explain additional
ariance and potentially alter our models results. Unfortunately,
e were unable to collect those data in the current sample. Future

esearch, should endeavor to include additional relevant covariates
n order to further illuminate the relationships between approaches
o learning and science school readiness.

Lastly, data from this study are correlational, as they were
ot collected in the context of an intervention. Thus, precluding
ny drawing of causal conclusions on the relationship between
pproaches to learning and science readiness. Future research
hould explore the extent to which science instruction improves
hildren’s approaches to learning development across the year, and
he extent to which a focus on approaches to learning within the
ontext of science experiences further bolsters children’s science
eadiness across the year. To this end, preschool science interven-
ions that intentionally target children’s approaches to learning
hould be developed in order to capitalize on the unique relation-
hip between these domains. It is also important to note that both
cience and approaches to learning are typically underrepresented
n preschool classrooms (Greenfield, 2015; Morgan et al., 2016;
ayfeld et al., 2013), and this study was not conducted in the con-

ext of an intervention targeting these skills. Thus, we might expect
tronger relationships between science readiness and approaches
o learning in a context where children are exposed to more instruc-
ion specific to these domains.

Additionally, future research should explore how different sub-
omains of approaches to learning may  differentially impacts
hildren’s science readiness and ability to engage in science learn-
ng. For example, particular aspects of approaches to learning (i.e.
trategic planning, sustained focus in learning, or acceptance of
ovelty and risk) may  play an even stronger role in fostering sci-
nce readiness and if that was indeed the case interventionists and
ducators could take that into account during program develop-
ent.

. Conclusion

In summary, findings from this study suggested a unique rela-
ionship between science readiness and approaches to learning.
heory suggests science experiences provide children opportuni-
ies to practice their approaches to learning, and approaches to
earning aids children in navigating science experiences. Results
rom this study represent a first step in providing empirical evi-
ence for this symbiotic relationship. Science is an ideal context

or teachers to capitalize on the bidirectional relationship between
hese two critical readiness domains. While the importance of sci-

nce education is nationally recognized, there is an urgent need
o improve the infrastructure of science education in the United
tates. Promoting preschool science is a necessary starting point.
n this endeavor, science-based curricula should be developed and
search Quarterly 44 (2018) 34–42 41

disseminated to capitalize on the relationship between science and
approaches to learning, which could have profound implications for
narrowing the school readiness achievement gap.
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Saçkes, M.,  Trundle, K. C., Bell, R. L., & O’Connell, A. A. (2011). The influence of early
science experience in kindergarten on children’s immediate and later science
achievement: Evidence from the early childhood longitudinal study. Journal of
Research in Science Teaching, 48(2), 217–235.

Singh, K., Granville, M., & Dika, S. (2002). Mathematics and science achievement:
Effects of motivation, interest, and academic engagement. The Journal of
Educational Research, 95(6), 323–332.

Snow, K. L. (2007). Integrative views of the domains of child function: Unifying
school readiness. In R. C. Pianta, M.  J. Cox, & K. L. Snow (Eds.), School readiness
and the transition to kindergarten in the era of accountability.  Baltimore, MD:
Paul H. Brookes Publishing Co., Inc.

U.S. Department of Health and Human Services. (2015). Head start early learning
outcomes framework. http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-
framework.pdf

Vitiello, V. E., Greenfield, D. B., Munis, P., & George, J. L. (2011). Cognitive flexibility,
approaches to learning, and academic school readiness in Head Start preschool
children. Early Education & Development, 22(3), 388–410.

Vygotsky, L. S. (1986). Thought and language – Revised edition. Cambridge, MA:  MIT
Prep.

Welsh, J. A., Nix, R. L., Blair, C., Bierman, K. L., & Nelson, K. E. (2010). The
Zimmerman, I. L., Steiner, V. G., & Evatt Pond, R. (2011). Preschool language scales,
fifth edition (PLS-5).

http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0110
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0115
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0120
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0125
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0130
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0135
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0140
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0145
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0150
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0155
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0160
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0165
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0170
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0175
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0180
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0185
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0190
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0195
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0200
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://eclkc.ohs.acf.hhs.gov/hslc/hs/sr/approach/pdf/ohs-framework.pdf
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0210
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0215
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0220
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0225
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0225
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0225
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0225
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0225
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0225
http://refhub.elsevier.com/S0885-2006(18)30008-5/sbref0225

	Approaches to learning and science education in Head Start: Examining bidirectionality
	1 Introduction
	1.1 Background
	1.1.1 Approaches to learning
	1.1.2 Early childhood science
	1.1.3 Connection between approaches to learning and science readiness

	1.2 Current study

	2 Method
	2.1 Participants
	2.2 Measures
	2.2.1 Science school readiness
	2.2.2 Approaches to learning
	2.2.3 Vocabulary

	2.3 Procedure

	3 Results
	4 Discussion
	4.1 Limitations and future directions

	5 Conclusion
	Acknowledgments
	References


